Background Trastuzumab has shown a survival benefit in cases of Her2-positive gastroesophageal cancer (GEC). Immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) currently determine eligibility for trastuzumab-based therapy. However, these low-throughput assays often produce discordant or equivocal results. Methods We developed a targeted proteomic assay based on selected reaction monitoring mass spectrometry (SRM-MS) and quantified levels (amol/lg) of Her2-SRM protein in cell lines (n = 27) and GEC tissues (n = 139). We compared Her2-SRM protein expression with IHC/FISH, seeking to determine optimal SRM protein expression cutoffs in order to identify HER2 gene amplification. Results After demonstrating assay development, precision, and stability, Her2-SRM protein measurement was observed to be highly concordant with the HER2/CEP17 ratio, particularly in a multivariate regression model adjusted for SRM expression of the covariates Met, Egfr, Her3, and HER2 heterogeneity, as well as their interactions (cell lines r 2 = 0.9842; FFPE r 2 = 0.7643). In GEC tissues, Her2-SRM protein was detected at any level in 71.2 % of cases. ROC curves demonstrated that Her2-SRM protein levels have a high specificity (100 %) at an upper-level cutoff of [750 amol/lg and sensitivity of 75 % at a lower-level cutoff of \450 amol/lg for identifying HER2 FISH-amplified tumors. An ''equivocal zone'' of 450-750 amol/lg of Her2-SRM protein was analogous to IHC2? but represented fewer cases (9-16 % of cases versus 36-41 %). Conclusions Compared to IHC, targeted SRM-Her2 proteomics provided more objective and quantitative Her2 expression with excellent HER2/CEP17 FISH correlation and fewer equivocal cases. Along with its multiplex capability for other relevant oncoproteins, these results demonstrate a refined HER2 protein expression assay for clinical application. 
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Introduction
The human epidermal growth factor receptor-2 (HER2, ERBB2) is a receptor tyrosine kinase that promotes cell development, differentiation, and survival [1, 2] . Aberrant HER2 activity due to gene amplification and consequent protein overexpression results in a HER2-driven oncogenic phenotype [1, 2] . HER2 is amplified/overexpressed in various cancers, including breast (*20 %), gastroesophageal (GEC) (*10-15 %), and endometrial cancers (*12 %) [3] . HER2 positivity is higher in esophageal/esophagogastric adenocarcinomas (*15 %) than in distal gastric adenocarcinomas (*10 %) [4, 5] . The Trastuzumab in the treatment Of GAstric cancer (ToGA) trial reported a survival benefit among HER2-positive GEC patients treated with trastuzumab-based therapy in comparison to standard chemotherapy, which led to the widespread incorporation of immunohistochemistry (IHC) and/or fluorescence in situ hybridization (FISH) testing into routine GEC care (see Fig. S1 in the Electronic supplementary material, ESM) [4] . ToGA trial eligibility defined HER2 positivity as either a positive FISH score (with any IHC score) or an IHC score of 3? (with any FISH score). However, the concordance between FISH and IHC is often variable. Patients whose tumors tested FISH positive/IHC negative (0-1?) comprised 22 % of those enrolled; those patients derived no benefit from trastuzumab, which suggests that binary gene amplification status is imperfectly correlated with protein overexpression (Fig. S2 in the ESM) . Consequently, Her2 IHC was subsequently validated in an independent cohort of GEC samples, and the clinical definition of HER2 positive changed to either IHC3? or IHC2?/FISH positive (Figs. S1, S2 in the ESM) [6] [7] [8] [9] . However, discordance between IHC and FISH results continues to affect anti-HER2 clinical trials. Ensuing Her2-selective phase III GEC trials in the first-line (LOGiC) [10] and second-line (TyTAN) [11] metastatic settings evaluated chemotherapy plus either the HER2/Egfr-specific oral tyrosine kinase inhibitor lapatinib or a placebo. Both trials were negative for the primary endpoint of overall survival in the intention-to-treat populations. Interestingly, TyTAN enrolled 261 patients, of which 31 % were FISH positive/IHC 0-1? [11] . Notably, the IHC3?/FISH-positive subset demonstrated a survival advantage (14 vs 7.6 months, HR 0.59, p = 0.0175) [11] . Recently, a report suggested that the degree of HER2 amplification/expression may be a better predictor of therapeutic benefit from anti-HER2 therapy [12] . These observations suggest the need for revised HER2 criteria/diagnostics, and also point to implications regarding optimal therapeutic strategies within classic HER2? groups [13, 14] .
Despite the noted utility of HER2 IHC and FISH, various reports detail numerous limitations [15] [16] [17] [18] [19] [20] . IHC is semiquantitative; it attempts to incorporate staining intensity and extensity into a 0-3? scoring system. IHC is notoriously subjective and sensitive to antigen instability in formalinfixed paraffin-embedded (FFPE) unstained sections, as recently demonstrated [21] [22] [23] [24] . HER2-equivocal (IHC2?) scores require reflex FISH analysis-accounting for almost 30 % (159/584) of the FISH-positive cases in ToGA (Fig. S2a in the ESM), not including undocumented IHC2?/FISHnegative screen failures. Reflex FISH testing is laborious, may be time-consuming (especially serially after IHC), is costly if multiple genes are assessed, and remains operator dependent/subjective, particularly in molecularly heterogeneous cases [7, [25] [26] [27] [28] . Both assays are low-throughput and result in delayed results and a less-than-economical use of limited tissue samples [13, 15, 19, 26] . Refinement of HER2 diagnostic methods is therefore to be encouraged.
Mass-spectrometry-based selected-reaction-monitoring (SRM-MS) targeted proteomics has gained broad acceptance as a specific and sensitive technology for quantifying levels of specific protein targets [29] [30] [31] We sought to evaluate the clinical role of quantitative Her2-SRM protein expression for GEC. Herein, we describe the application of the Her2-SRM protein assay to 27 cell lines and uniquely to 139 FFPE GEC tumors. After testing the precision and temporal reproducibility of the assay, we assessed the correlation of Her2-SRM protein levels with Her2 IHC/FISH scores, and performed multivariate modeling to account for HER2 heterogeneity and the SRM expression of the other relevant GEC oncoproteins Met, Egfr, and Her3. We determined optimal Her2-SRM expression cutoff values that correlated with the HER2/CEP17 FISH ratio for clinical application using ROC curves. Finally, clinical cases are presented to demonstrate the advantages of the ''GEC-plex'' assay, such as the ability to quantify multiple oncoproteins simultaneously, addressing issues around the current molecular profiling hurdles of inter-and intra-patient molecular heterogeneity.
Materials and methods

GEC clinical samples and cell lines
Patient GEC samples and cell lines were obtained from the University of Chicago (Chicago, IL, USA) under preapproved protocols (Tables S3, S6 in the ESM) [23, 32] .
Cell-line mixing studies with HER2-amplified OE-19 and HER2-nonamplified MKN-1 to demonstrate dilutional effects of molecular subclones were performed under six lysate conditions with various ratios (0/100, 20/80, 40/60, 60/40, 80/20, 100/0).
Sample preparation and Her2-SRM assay development
Laser-microdissection-isolated cells were obtained from FFPE tumor sections, as previously described [21] [22] [23] [24] . Total protein content of lysate was measured using a Micro-BCA assay (Thermo Fisher Scientific Inc., Rockford, IL, USA). Her2-SRM assay development followed previously described methods [21] [22] [23] [24] .
Her2-SRM assay precision and temporal reproducibility
Assay precision and temporal stability of the Her2-SRM assay were tested as previously described [23, 24] .
Quantitative analysis and validation of Her2 in clinical GEC tissues and cell lines
Her2-SRM was calculated for 139 GEC FFPE samples and 27 cell lines from the ratio of the area under the curve (AUC) for the endogenous and isotopically labeled standard peptide multiplied by the known amount of isotopically labeled standard peptide spiked into the sample before analysis, as previously described [21] [22] [23] [24] .
HER2 fluorescence in situ hybridization (FISH)
FISH results were obtained through routine clinical testing of the HER2/CEP17 ratio. The majority of the samples that underwent clinical FISH testing were those with an initial Her2 IHC 2? score, per routine standards. FISH was retrospectively performed on samples with missing FISH results, as previously described [32, 33] .
HER2 heterogeneity: FISH HER2 heterogeneity (hetero?) was defined as 10-50 % of enumerated nuclei with a HER2/CEP17 ratio of C2 [26] . HER2 negative (HER2-) was defined as \10 % of scored nuclei having a ratio of C2, and HER2? (nonheterogeneous) was defined as [50 % of the scored nuclei having a ratio of C2 [26] .
Her2 immunohistochemistry (IHC)
IHC Her2 scores were obtained per routine clinical care using the Hercept Test kit from DAKO [6] (Figs. S1, S2 in the ESM). For samples without clinical Her2 IHC (e.g., archived curative-intent resections), when tissue was available, DABlabeled dextrose-based polymer complex bound to secondary antibody (Leica Microsystems Inc., Buffalo Grove, IL, USA) was performed, as previously described [34] .
Statistical methods
To examine the association between Her2-SRM and HER2 gene copy number (GCN) or HER2/CEP17 ratio in cell lines and tissues, we used univariate and multivariate linear regression models with Her2-SRM as the independent and HER2 GCN or HER2/CEP17 ratio as the dependent variable. Multivariate models included SRM expression for Met, Egfr, and Her3, as well as their interaction terms, due to the putative influence of these proteins on HER2 signaling. Presence of HER2 FISH heterogeneity was additionally included in the models. To compare IHC to either FISH or Her2-SRM in GEC tissues, we included indicators for IHC2? and IHC3? (IHC0/1? reference category) in the regression model. To assess the most effective cutoff value for Her2-SRM for identifying the HER2/CEP17 ratio, we computed a receiver-operating-characteristic (ROC) curve. All analyses were performed using R software (www.r-project. org), version 3.0.1.
Results
SRM assay development
To develop the quantitative Her2-SRM assay, multiple peptides obtained from a tryptic digest of recombinant Her2 were measured using MS. The resulting three candidate peptides-SLTEILK, VLQGLPR, and ELV-SEFSR-were then extensively screened in multiple formalin-fixed cell lines and FFPE clinical samples. The peptide ELVSEFSR provided the most reproducible peak heights, retention times, and chromatographic ion intensities, a clean elution profile, and distinctive/reproducible transition ion ratios; therefore, this peptide was selected for clinical assay development. SRM transitions used for the quantification of Her2 were selected based on the representative MS fragmentation spectrum for the peptide ELVSEFSR [ 13 C 6 , 15 N 4 ] (Fig. 1a) . A calibration curve was generated in formalin-fixed PC3 cell lysate to assess the linearity and the limits of detection and quantitation (LOD, LOQ) of the assay (Fig. 1b) . Coefficients of variation (CVs) ranged from 2.20 to 14.04 % for the samples (five replicates). The LOD and LOQ were 150 and 200 amol, respectively, with a linear regression value of r 2 = 0.9998. The linearity and small %CV over the concentration range demonstrated the accuracy, reproducibility, and quantitative resolution of the assay. The total ion chromatograms for the light/heavy isotopically labeled peptides (Fig. 1c ) and the transition ions ( Fig. 1d ) are shown. Fgfr2-SRM and Her3-SRM are detailed in Fig. S3 of the ESM.
Precision of the Her2-SRM assay
To test assay precision, Her2 protein was measured in eight human breast cancer and eleven human GEC tissues. Using two different LC-MS systems and operators, all breast cancer samples were observed to express Her2 (range: 395.1-18896.7 amol/lg; CVs: 3.7-10.4 %). Nine of eleven GEC samples expressed Her2 (CLOD) (range: 306-767.7 amol/lg; CVs: 7.5-14.6 %). The two operating systems showed very good concordance (r 2 = 0.9978), corroborating previous findings with other peptides (Fig. 1e , Table S1 of the ESM) [21, 23] .
Temporal reproducibility of the Her2-SRM assay
To test the assay's temporal reproducibility, two sections from 18 GEC and 9 NSCLC samples were processed 13 months apart. The very good correlation (r 2 = 0.8332) Fig. 1 Development of the Her2-SRM assay. a The fragmentation spectrum for the heavy ELVSEFSR peptide and b the standard curve generated in human PC3 cell lysate; inset: the standard curve generated without the highest two spiking points (5000 and 25,000 amol observed supported the reproducibility of the Her2-SRM results in archival FFPE sections (Fig. 1f , Table S2 of the ESM).
Correlation of Her2-SRM with FISH in cell lines and HER2 heterogeneity mixing studies
The correlation of Her2-SRM expression and HER2 GCN or ratio was assessed in 27 GEC and breast cancer lines. (Figure 2 , Table S3 of the ESM). Her2-SRM ranged from \150 to 21896.7 amol/lg (Fig. 2a) . Her2-SRM results correlated well with HER2 GCN and ratio in univariate analyses (r 2 = 0.6096 and 0.7493, respectively) (Fig. 2b, c) . Adjusting for SRM expression of Met, Egfr, and Her3, the multivariate regression model resulted in improved and very good correlations of Her2-SRM with HER2 GCN and ratio (r 2 = 0.8829 and 0.9842, respectively) (Fig. S4 and Table S5 of the ESM). Using a preliminary cutoff of 1175 amol/lg, derived from these data, Her2-SRM discerned cell lines with HER2 amplification versus nonamplification with 100 % sensitivity (5/5) and specificity (22/22) .
One cell line, CAT-14a, was observed to be HER2?/ hetero?, as 30 % of its nuclei had a ratio C2; the Her2-SRM level was 969.33 amol/lg, below the established cutoff of 1175 amol/lg. To demonstrate the effects of stromal elements and clonal subpopulations within tumor masses [14, 23, [25] [26] [27] [28] 34] , a mixing study of HER2-amplified and -nonamplified cell lines (OE-19/MKN-1, respectively) was performed. This showed a dilutional effect of HER2 expression upon decreasing OE-19 concentration, likely confirming the consequences of intratumoral HER2 heterogeneity, such as within CAT-14a (Fig. 2d) .
SRM, IHC, and FISH on FFPE samples
Her2-SRM results were obtained for 139 GEC samples. Among this cohort, Her2 IHC was available for 122 samples. Fifty-one of these 122 IHC cases had FISH HER2/ CEP17 ratio results, and 42 had absolute GCN scores (see the sample flow chart in the ESM).
Her2-SRM expression in FFPE samples and comparison to HER2 FISH
Her2-SRM levels were quantitated in 139 GEC tumors (Table S4 of the ESM), and expression was above the LOD in 99/139 (71.2 %) samples, ranging from 150 to 24,671 amol/lg (Fig. 3a) .
Among cases with both Her2-SRM and either FISH GCN (n = (Fig. 3b) . After incorporating HER2 FISH heterogeneity along with SRM coexpression of Met, Egfr, and Her3 (Fig. S4 , Table S5 ), there was an improvement in the fit of the regression model, and good correlations of Her2-SRM with FISH GCN (r 2 = 0.7345) and FISH ratio (r 2 = 0.7643) were observed.
Optimal Her2-SRM cutoffs corresponding to a HER2/ CEP17 ratio C2 were determined using a ROC curve (Fig. 3c) 1 %) ]. Eleven of the 14 samples with [750 amol/lg were available for FISH testing, and all of these (100 %) were FISH positive (mean ratio 9.28)-yielding a positive predictive value (PPV) of 100 %. A double cutoff level or equivocal zone was applied to better identify marginal HER2-positive cases (not unlike IHC2? equivocal). Within the identified SRM equivocal zone of 450-750 amol/lg there were 13 (9.4 %) samples (Figs. 3c, 5b) . In terms of identifying a FISH ratio C2, the performance of the upper/lower boundaries of this equivocal zone was evaluated using the 54 cases with both Her2-SRM and FISH ratio results (Figs. 3d, 5b) . Of the 7 samples (7/54, 12.9 %) between 450 and 750 amol/ lg, there were 3/7 (42.9 %) that were deemed FISH negative (mean FISH ratio 1.28). Therefore, the PPV was 4/7 (57.1 %). A lower mean ratio (3.04) was noted for the FISH-positive samples that fell within the Her2-SRM equivocal zone than for the samples with Her2-SRM [750 amol/lg (Fig. 5b) . Of the 36 samples with \450 amol/lg (mean ratio 1.387), 5 (13.8 %) were FISH positive (mean ratio 2.758), one (2.78 %) was FISH equivocal, and the remaining 30 samples were FISH negative, demonstrating a negative predictive value (NPV) of 83.3 %. Depicting IHC, SRM, and FISH results sorted by IHC explicitly demonstrates the wide range of SRM expression within the IHC2? and 3? categories and the large proportions of samples with very low Her2-SRM expression within these two groups, potentially leading to a better predictive capacity with respect to benefit from anti-HER2 therapy (Fig. 5c) . In summary, using the two SRM expression boundaries, the sensitivity of the lower boundary was 75 % and the specificity of the upper boundary was 100 % for discriminating a HER2 FISH ratio C2, and values within the Her2-SRM equivocal zone showed a FISH-positive PPV of 57.1 % (Fig. 3d table) .
Comparison of Her2 IHC21 status to FISH ratio and Her2-SRM in tissues
Among tumors with HER2 tested by all three methods, there were 20/54 (37 %) that were IHC2?, of which 15 (75 %) were FISH negative and 5 (25 %) were FISH positive, demonstrating a PPV of 25 % (Fig. 3e) . By Her2-SRM, 18 (90 %) of these IHC2? samples were \450 amol/lg. Among all IHC samples, 44/122 (36 %) were IHC2?, with a FISH-positive PPV of 37.5 % (Fig. 5a) . The PPV for Her2-SRM was higher (57 %) within the 450-750 amol/lg equivocal zone (Figs. 3d, 5b) , suggesting that Her2-SRM was better at discriminating FISH amplification status than IHC.
Comparison of IHC to FISH or Her2-SRM in tissues
Among samples with both Her2 IHC and HER2 FISH GCN (n = 42) or HER2/CEP17 FISH ratio (n = 52), poor correlations were observed (r 2 = 0.1959 and r 2 = 0.1242, respectively) (Fig. 4a, b) . IHC2? (referenced to IHC0/1?) was not associated with either FISH GCN or ratio; only IHC3? was significantly associated with them (p = 0.00578 and p = 0.016, respectively).
The subset of GEC samples (n = 122) that had both Her2 IHC (categorical variable) and Her2-SRM (linear variable) showed a very poor correlation, r 2 = 0.0355 (Fig. 4c) . However, when comparing IHC to SRM with both treated as categorical variables, there was a notable dependence: v 2 p = 0.02219 (see table in Fig. 4c ). To demonstrate the differences in sensitivity, specificity, and resolution between Her2 IHC and Her2-SRM, we compared the LODs for IHC (C1?) and Her2-SRM (C150 amol/lg) (Fig. 4d) . Of 122 cases, 108 (88.5 %) were CIHC1?, while 89 (73 %) samples were C150 amol/lg. IHC was 89.9 % sensitive in identifying cases C150 amol/lg, but only 15.2 % specific in discerning SRM-negative cases. A score of IHC2? was observed Fig. 3 Absolute levels of Her2 in GEC tissues and correlation of Her2-SRM levels with HER2 gene amplification. a Her2-SRM analysis of clinical FFPE GEC tissues (n = 139) ranging from \150 to 24,617 amol/lg. Samples highlighted in red were shown by FISH to be HER2 amplified (HER2/CEP17 ratio C2); nonamplified samples are depicted in green, and samples presented in black were not tested with FISH. b Univariate correlations of Her2-SRM with HER2 FISH GCN (n = 42, blue, r 2 = 0.3615) and ratio (n = 54, red, r 2 = 0.5354). Multivariate analysis revealed stronger correlations when incorporating Met-SRM, Egfr-SRM, Her3-SRM, and HER2 FISH heterogeneity in the model: Her2-SRM:HER2 GCN, r 2 = 0.7345; Her2-SRM:HER2/CEP17 ratio, r 2 = 0.7643 (54 Her2-SRM cases had the absolute FISH ratio available). c Optimal Her2-SRM cutoff values determined by the receiver operating characteristic (ROC) curve with respect to a HER2/CEP17 ratio C2. Using one cutoff level, a value of 450 amol/lg was 75 % sensitive and 93 % specific when identifying amplification; alternatively, a cutoff level of 750 amol/lg was 55 % sensitive and 100 % specific. (Fig. 5a ), or 41 % (21/51) of the cases available for a three-way comparison of IHC, SRM, and FISH ratio. These results revealed that Her2-SRM was better correlated with FISH ratio than IHC was; it showed better sensitivity and specificity for identifying a FISH ratio C2 (Fig. 4e) . To test whether the correlation between Her2-SRM expression and HER2 FISH improved after adjusting for the covariates HER2-hetero?, Met-SRM, Egfr-SRM, and Her3-SRM for both the cell-line and tissue analyses, we evaluated a multivariate regression model (Fig. S4a, b and Table S5 in the ESM). Interactions were observed with Her3-SRM and Egfr-SRM (positive interactions) as well as Met-SRM and HER2-hetero? (negative interactions) for the association of Her2-SRM with FISH GCN as well as with FISH ratio. These interactions were observed when either FISH status or Her2-SRM was the outcome variable.
Clinical correlation with patient vignettes
Patient 1, GEC181 (Fig. 6a) , was diagnosed clinically with stage IV HER2-positive gastric cancer, yet there was a lack of baseline expression according to Her2-SRM (\150 amol/lg, sample #2 in Table S4 of the ESM) while Fgfr2-SRM was extremely high. Following rapid progression on anti-Her2 therapy, the patient responded to secondline Fgfr-specific tyrosine kinase inhibition.
Patient 2, GEC159 (Fig. 6b ), was diagnosed with stage IV HER2? esophagogastric cancer; extremely high baseline Her2-SRM levels were observed (24671 amol/lg, sample #139 in Table S4 of the ESM). Upon interval treatments, serial primary tumor biopsies revealed interesting SRM-expression evolutionary patterns. Following initial trastuzumab exposure, a dramatic decrease (-78.1 %) in Her2-SRM was noted at first tumor progression. After treatment with trastuzumab and lapatinib, elevation of Her3-SRM (?30.8 %) was observed (?58.9 % from baseline). Subsequently, addition of pertuzumab led to clinical and biochemical responses with improved dysphagia/tumor markers. The patient is being maintained on this therapy 36 months from diagnosis.
Discussion
Current HER2 diagnostics have recognized limitations, and there is an urgent need for more objective, expedient, and ''tissue-economic'' assays in order to optimize clinical outcomes for patients [8, 13, 16, 20, 23, 35] . We developed a Her2-SRM assay within a multiplex proteomic quantification assay, and demonstrated its precision, stability, and reproducibility in cell lines and clinical FFPE samples, as well as correlations with IHC/FISH and other relevant oncoproteins (Her3/Egfr/Met).
We observed a wide range of Her2-SRM expression, not only within the entire GEC cohort (N = 139) but also within the sample subgroups of IHC3? and FISH? (range: \150-21896.7 amol/lg). Her2-SRM correlated well with HER2 FISH amplification status, reliably identifying highly amplified samples. The degree of HER2 amplification (HER2/CEP17 ratio) was linearly correlated with Her2-SRM, as was previously reported [36] , just as the absolute HER2/CEP17 ratio was recently shown to correlate with the degree of anti-Her2 therapeutic benefit [12] . One criticism of the utilization of SRM technology in FFPE tissue is its low sensitivity to very low expression levels (i.e., \LOD). However, when considering geneamplified proteins, it was evident that the expression levels were dramatically higher than nonamplified expression levels, so this limitation does not appear to be relevant when applying the technology to the identification of geneamplified tumors. We have noted this for various genes/ proteins of interest [22, 23] .
Most IHC2? cases demonstrated little Her2-SRM expression. The equivocal zone that we defined for Her2-SRM expression (450-750 amol/lg), which did not show a good correlation with the HER2/CEP17 ratio, represented approximately 10-15 % of the cases-substantially lower than semiquantitative IHC2? scoring (*35-40 %). Within the respective equivocal zones, the PPV for Her2-SRM was 57 % compared to 25-37.5 % with IHC2?; others have demonstrated a PPV within IHC2? as low as 13 % [36] . Our IHC2? rate is similar to that observed in the TOGA trial, particularly if their undocumented IHC2?/ FISH-cases are included. These IHC2? rates represent the current experience in routine clinical care. Evaluating the performance of IHC versus Her2-SRM, as contrasted in Fig. 5 , demonstrated the superiority of SRM over IHC in identifying truly FISH-positive HER2 samples and-importantly-relying less on reflex FISH testing.
In previous years, HER2 cutoffs for IHC and FISH that define eligibility for anti-Her2 therapy have erred towards lower thresholds, likely in order to avoid missing the potential benefit of anti-Her2 therapies in patients who would otherwise be given standard cytotoxics alone. However, a lack of benefit for these low-expressing subgroups is now recognized [4, 11] . Patient 1 was deemed clinically HER2? yet Her2-SRM was low (\450 amol/ lg); this ultimately predicted a lack of benefit from antiHer2 therapy. The ability to further stratify using Her2-SRM within currently clinically accepted HER2? patients may have significant treatment implications, as it would allow anti-HER2 therapy to be judiciously assigned only to those patients most likely to benefit from it while sparing the other patients from both the clinical and financial toxicity of such therapy. Further prospective validation is required in independent datasets, which is presently underway. Moreover, multiplex SRM testing to globally survey biomarkers may allow for optimal treatments towards most-likely tumor ''drivers'' to be administered as early as possible. In patient 1, very high Fgfr2 expression (consistent with FGFR2 amplification) may have trumped borderline/low Her2 expression. Trials testing prioritized personalized treatment algorithms based on higher throughput molecular profiling, including SRM-MS, are ongoing [14, 37] .
The spatial intratumoral heterogeneity of FISH/IHC resulted in an observed dilutional Her2-SRM measurement, similar to the exemplary cell-line mixing study. It is likely that the identified Her2-SRM cutoff for cell lines was higher than that of tissues ([1175 versus [750 amol/lg) due to fewer subclonal and stromal influences. Supporting this, the CAT-14a cell line, which demonstrated HER2 heterogeneity, possessed a Her2-SRM level (969.33 amol/ lg) that was lower than the 1175 amol/lg cell-line cutoff. As such, the Her2-SRM assay on FFPE samples inherently captured intratumoral HER2 clonal heterogeneity by effectively providing an objective aggregate Her2 expression level representing all of the invasive tumor sampled via microdissection using standard H&E staining. As hypothesized, an improved correlation between Her2-SRM level and HER2/CEP17 ratio was observed when the HER2-heterogeneity status was included in the multivariate linear regression model. The improved correlation between SRM and FISH after adjusting for FISH heterogeneity was likely due to FISH scores reflecting certain select areas of the tumor, while SRM selected all of the H&E invasive tumor indiscriminately. A significant negative interaction between Her2-SRM level and presence of HER2 FISH heterogeneity was therefore demonstrated (lower than expected Her2-SRM levels in the presence of HER2 heterogeneity).
Her2 functional interactions with Met, Her3, and Egfr have been described [26, 36, [38] [39] [40] [41] [42] [43] . Interestingly, after adjusting for these three covariates (Met/Her3/Egfr-SRM coexpression), a stronger linear correlation between Her2-SRM and FISH HER2/CEP17 ratio was observed. Although the mechanisms for these interactions are not clearly defined, ultimately, gene amplification is a surrogate marker for protein overexpression. Specifically, the relationship between gene amplification and protein expression is likely multifactorial and may be influenced by the expression of other key oncoproteins within the cell. HER2-amplified tumors tended to have relatively low Her2-SRM levels if they were also highly expressing SRMMet as compared to HER2-amplified tumors that were not highly expressing SRM-Met. Supporting our findings, Met overexpression has been linked with resistance to anti-Her2 therapy for HER2-amplified tumors, and vice versa [38, 40] . On the other hand, Her3-and Egfr-SRM levels were observed to be positively associated with Her2-SRM levels, and both receptors have been implicated in signal transduction of HER2-amplified tumors. Regardless, further work to understand these associations more clearly is required. Notwithstanding, it is possible that incorporating these coexpression covariates-as is feasible with SRM-MS multiplex technology-while assessing clinical outcome with anti-Her2 therapies will better identify mostlikely responders and may also direct better future multidrug targeted regimens [38, 40, 42, 44] . This is currently being assessed prospectively in a clinically linked independent dataset.
The ability to evaluate molecular heterogeneity longitudinally through time after treatment was demonstrated using the SRM-multiplex assay in patient 2. Extremely high Her2-SRM levels appeared to portend prolonged benefit from anti-Her2 trastuzumab therapy-approximately 12 months before first progression, twice the median progression-free survival in the ToGA study (segment 1-2 in Fig. 6b) . At trastuzumab progression, Her2-SRM levels were *5-fold lower, offering a potential mechanism of resistance by downregulating receptor expression, yet it remained well above IHC, FISH, and SRM cutoffs for HER2 positivity. Her2-SRM expression increased slightly after withdrawing trastuzumab for brief anti-PD1 therapy (segment 2-3), providing more evidence of continued HER2 addiction. This expression trend, along with previous evidence that maintaining therapeutic inhibition beyond progression upon a persistent oncogenic driver, provided a rationale for resuming trastuzumab-based therapy (segment 3-4) [14, [45] [46] [47] [48] . After an initial response to the reintroduction of trastuzumab-based therapy there was further progression, but ''vertical inhibition'' with lapatinib/trastuzumab led to a continued response (segment 4-5) [48, 49] . Finally, evolution towards higher Her3-SRM expression suggested another mechanism of resistance; pertuzumab-based therapy was then introduced with clinical benefit (segments 5-6 to present) [36, 43, 50] . Serial testing in order to re-target therapies based on real-time molecular profiles merits further testing in ongoing novel prospective clinical trial designs [14] .
b Fig. 5 Her2 status assessment of GEC cases by IHC (a) and Her2-SRM (b) in order to identify HER2-positive and -negative cases, as determined by the underlying FISH HER2/CEP17 ratio. Both assays resulted in an equivocal zone for identifying underlying HER2 amplification (by a ratio [2) . However, the incidence of the Her2-SRM equivocal zone (450-750 amol/lg) was much lower (9.4 %) than that of IHC2? (36 % Compared to IHC, SRM-MS provided more quantitative Her2 expression with a better HER2 FISH correlation and a narrower equivocal zone. Ultimately, FISH testing for HER2 amplification is a surrogate for Her2 protein overexpression, and we showed that this expression level is influenced by several factors, including absolute HER2/ CEP17 ratio and HER2 heterogeneity within the sample along with the coexpression levels of various other critical oncoproteins. Therefore, a single Her2-SRM expression cutoff in the context of the SRM-MS ''GEC-plex'' may better predict anti-HER2 therapeutic benefit without the need to rely on FISH or IHC. This is the subject of ongoing evaluation and validation in a large cohort of clinically linked samples. Along with the multiplex capability, permitting the quantification of other protein biomarkers, these results demonstrate a refined Her2 expression assay for clinical application.
